The gram-positive bacterium Deinococcus radiodurans is remarkable because of its extreme resistance to ionizing radiation (14) . Phylogenetically the closest relatives of Deinococcus are the extreme thermophiles of the genus Thermus (4, 11) . In 16S rRNA phylogenetic trees, the genera Thermus and Deinococcus group together as one of the older branches in bacterial evolution (11) . Both microorganisms have complex cell envelopes with outer membranes, S-layers, and ornithine-Gly-containing mureins (7, 12, 19, 20, 22, 23) . However, Deinococcus and Thermus differ in their response to the Gram reaction, having positive and negative reactions, respectively (4, 14) . The murein structure for Thermus thermophilus HB8 has been recently elucidated (19) . Here we report the murein structure of Deinococcus radiodurans with similar detail.
D. radiodurans Sark (23) was used in the present study. Cultures were grown in Luria-Bertani medium (13) at 30°C with aeration. Murein was purified and subjected to amino acid and high-performance liquid chromatography (HPLC) analyses as previously described (6, 9, 10, 19) . For further analysis muropeptides were purified, lyophilized, and desalted as reported elsewhere (6, 19) . Purified muropeptides were subjected to plasma desorption linear time-of-flight mass spectrometry (PDMS) as described previously (1, 5, 16, 19) . Positive and negative ion mass spectra were obtained on a short linear 252 californium time-of-flight instrument (BioIon AB, Uppsala, Sweden). The acceleration voltage was between 17 and 19 kV, and spectra were accumulated for 1 to 10 million fission events. Calibration of the mass spectra was done in the positive ion mode with H ϩ and Na ϩ ions and in the negative ion mode with H Ϫ and CN Ϫ ions. Calculated m/z values are based on average masses.
Amino acid analysis of muramidase (Cellosyl; Hoechst, Frankfurt am Main, Germany)-digested sacculi (50 g) revealed Glu, Orn, Ala, and Gly as the only amino acids in the muramidase-solubilized material. Less than 3% of the total Orn remained in the muramidase-insoluble fraction, indicating an essentially complete solubilization of murein.
Muramidase-digested murein samples (200 g) were analyzed by HPLC as described in reference 19. The muropeptide pattern ( Fig. 1 ) was relatively simple, with five dominating components (DR5 and DR10 to DR13 [ Fig. 1]) . The muropeptides resolved by HPLC were collected, desalted, and subjected to PDMS. The results are presented in Table 1 compared with the m/z values calculated for best-matching muropeptides made up of N-acetylglucosamine (GlucNAc), N-acetylmuramic acid (MurNAc), and the amino acids detected in the murein. The more likely structures are shown in Fig. 1 . According to the m/z values, muropeptides DR1 to DR7 and DR9 were monomers; DR8, DR10, and DR11 were dimers; and DR12 and DR13 were trimers. The best-fitting structures for DR3 to DR8, DR11, and DR13 coincided with muropeptides previously characterized in T. thermophilus HB8 (19) and had identical retention times in comparative HPLC runs. The minor muropeptide DR7 (Fig. 1 ) was the only one detected with a D-Ala-D-Ala dipeptide and most likely represents the basic monomeric subunit. The composition of the major cross-linked species DR11 and DR13 confirmed that cross-linking is mediated by (Gly) 2 bridges, as proposed previously (20) .
Structural assignments of muropeptides DR1, DR2, DR8 to DR10, and DR12 deserve special comments. The low m/z value measured for DR1 (700.1) fitted very well with the value calculated for GlucNAc-MurNAc-L-Ala-D-Glu (699.69). Even smaller was the mass deduced for DR9 from the m/z value of the molecular ion of the sodium adduct (702.1) (Fig. 2) . The mass difference between DR1 and DR9 (19.9 mass units) was verycloseindeedtothecalculateddifferencebetweenN-acetylmuramitol and the (136)anhydro form of MurNAc (20.04 mass units). Therefore, DR9 was identified as GlucNAc- (136) anhydro-MurNAc-L-Ala-D-Glu (Fig. 1) . Muropeptides with (136)anhydro muramic acid have been identified in mureins from diverse origins (10, 15, 17, 19) , indicating that it might be a common feature among peptidoglycan-containing microorganisms.
The measured m/z value for the [MϩNa] ϩ ion of DR8 was 1,521.6, very close to the mass calculated for a cross-linked dimer without one disaccharide moiety (1,520.53) ( Fig. 1 ; Table 1). Such muropeptides, also identified in T. thermophilus HB8 and other bacteria (18, 19) , are most likely generated by the enzymatic clevage of MurNAc-L-Ala amide bonds in murein by an N-acetylmuramyl-L-alanine amidase (21). In particular, DR8 could derive from DR11. The difference between measured m/z values for DR8 and DR11 was 478.7, which fits with the mass contribution of a disaccharide moiety (480.5) within the mass accuracy of the instrument.
The m/z values for muropeptides DR2, DR10, and DR12 supported the argument for structures in which the two D-Ala residues from the D-Ala-D-Ala C-terminal dipeptide were lost, leaving Orn as the C-terminal amino acid.
The position of one Gly residue in muropeptides DR2, DR8, and DR10 to DR13 could not be formally demonstrated. One of the Gly residues could be at either the N-or the C-terminal positions. However, the N-terminal position seems more likely. The structure of the basic muropeptide (DR7), with a (Gly) 2 acylating the ␦-NH 2 group of Orn, suggests that major muropeptides should present a (Gly) 2 dipeptide. The scarcity of DR3 and DR6, which unambiguously have Gly as the C-terminal amino acid (Fig. 1) , supports our assumption.
Molar proportions for each muropeptide were calculated as proposed by Glauner et al. (10) and are shown in Table 1 . For calculations the structures of DR10 to DR13 were assumed to be those shown in Fig. 1 . The degree of cross-linkage calculated was 47.2%. Trimeric muropeptides were rather abundant (8 mol%) and made a substantial contribution to total crosslinkage. However, higher-order oligomers were not detected, in contrast with other gram-positive bacteria, such as Staphylococcus aureus, which is rich in such oligomers (8) . The pro- The results of our study indicate that mureins from D. radiodurans and T. thermophilus HB8 (19) are certainly related in their basic structures but have distinct muropeptide compositions. In accordance with the phylogenetic proximity of Thermus and Deinococcus (11), both mureins are built up from the same basic monomeric subunit (DR7 in Fig. 1) , are crosslinked by (Gly) 2 bridges, and have (136)anhydro-muramic acid at the termini of glycan strands. Most interestingly, Deinococcus and Thermus are the only microorganisms identified at present with the murein chemotype A3␤ as defined by Schleifer and Kandler (20) . Nevertheless, the differences in muropeptide composition were substantial. Murein from D. radiodurans was poor in D-Ala-D-Ala-and D-Ala-Gly-terminated muropeptides (2.2 and 2.4 mol%, respectively) but abundant in Orn-terminated muropeptides (23.8 mol%) and in muropeptides with a peptide chain reduced to the dipeptide L-Ala-DGlu (18 mol%). In contrast, neither Orn-nor Glu-terminated muropeptides have been detected in T. thermophilus HB8 murein, which is highly enriched in muropeptides with D-Ala-D-Ala and D-Ala-Gly (19) . Furthermore, no traces of phenyl acetate-containing muropeptides, a landmark for T. thermophilus HB8 murein (19) , were found in D. radiodurans. Crosslinkage was definitely higher in D. radiodurans than in T. ther- mophilus HB8 (47.4 and 27%, respectively), largely due to the higher proportion of trimers in the former. The similarity in murein basic structure suggests that the difference between D. radiodurans and T. thermophilus HB8 with respect to the Gram reaction may simply be a consequence of the difference in the thickness of cell walls (2, 3, 23) . Interestingly, D. radiodurans murein turned out to be relatively simple for a gram-positive organism, possibly reflecting the primitive nature of this genus as deduced from phylogenetic trees (11) . Our results illustrate the phylogenetic proximity between Deinococcus and Thermus at the cell wall level but also point out the structural divergences originated by the evolutionary history of each genus.
